Diastolic fluid dynamics in the left ventricle (LV) has been examined in multiple clinical studies for understanding cardiac function in healthy humans and developing diagnostic measures in disease conditions. The question of how intraventricular filling vortex flow pattern is affected by increasing heart rate (HR) is still unanswered. Previous studies on healthy subjects have shown a correlation between increasing HR and diminished E/A ratio of transmitral peak velocities during early filling (E-wave) to atrial systole (A-wave). We hypothesize that with increasing HR under constant E/A ratio, E-wave contribution to intraventricular vortex propagation is diminished. A physiologic in vitro flow phantom consisting of a LV physical model was used for this study. HR was varied across 70, 100 and 120 beats per minute (bpm) with E/A of 1.1-1.2. Intraventricular flow patterns were characterized using 2D particle image velocimetry measured across three parallel longitudinal (apical-basal) planes in the LV. A pair of counter-rotating vortices was observed during E-wave across all HRs. With increasing HR, diminished vortex propagation occurred during E-wave and atrial systole was found to amplify secondary vorticity production. The diastolic time point where peak vortex circulation occurred was delayed with increasing HR, with peak circulation for 120 bpm occurring as late as 90% into diastole near the end of A-wave.
INTRODUCTION
Intraventricular vortex formation during diastole has been examined in multiple studies for providing insight into normal cardiac function and also for diagnostic purposes in diseases such as dilated cardiomyopathy, diastolic dysfunction (DDF) and heart failure with normal ejection fraction (HFNEF) (Eriksson et al. 2011; Gharib et al. 2006; Ghosh et al. 2014; Hendabadi et al., 2013; Kheradvar et al., 2012; Le and Sotiropoulos, 2013; Pedrizzetti et al., 2015; Seo at al., 2014; Stewart et al., 2012) . A baseline understanding of exercise hemodynamics for healthy conditions is needed prior to comparison with pathological conditions such as DDF and HFNEF where exercise intolerance is observed (O'Rourke, 2001; Udelson, 2011) . The paradigm of intraventricular vortex characterization can be extended for studies of exercise physiology. While hemodynamic characteristics such as pressures, ejection fraction, E/A ratio and E/E′ ratio have been examined under increasing heart rate (HR) for healthy volunteers (Iliceto et al., 1991; Swinne et al., 1992; Yamamoto et al., 1993) , no study to date has examined the alterations in intraventricular filling flow patterns under increased HR. This latter point is the subject of the current study.
We use physical modeling to address a basic but unanswered question: how does increasing HR impact intraventricular filling when E/A ratio and systemic pressure are maintained constant? Though the latter assumptions are not truly reflective of the hemodynamic alterations that typically occur during exercise (increased SV, pulse pressure and E/A ratio), we underscore that our current effort is the starting point to tackle a complex physiological scenario in a systematic manner. Clinical studies of exercise hemodynamics under increasing HR are challenged in their ability to provide mechanistic explanations for functional observations, mainly due to highly interrelated nature of the underlying physiological variables (e.g., age, sex, systemic pressure, SV, LV stiffness, pulmonary venous flow, venous return). Physical models such as what was used in this study can provide a powerful means to examine the isolated mechanistic impact of select variables on specific hemodynamic and functional outcomes in physiological studies.
We hypothesize that with increasing HR under constant E/A ratio, the contribution of the Ewave to the propagation of intraventricular filling flow is diminished. We expect this based on the limited overall diastolic duration with increasing HR. We tested the hypothesis using an in vitro LV phantom model. The rationale for maintaining a constant E/A across all conditions was to identify if there were any changes in intraventricular flow simply due to increasing HR, even when contribution of atrial systole (hereon referred to as A-wave) relative to early diastolic filling (hereon referred to as E-wave) remains unaltered from resting condition.
MATERIALS AND METHODS

In Vitro Flow Circuit
A programmable piston-driven left heart simulator (LHS) was used to study the blood flow characteristics within the ventricle (Fig. 1a ). The LHS consists of an atrium, a flexible and transparent LV, an aorta, and adjustable systemic compliance and resistances, enabling physiological pressure and flow conditions to be achieved. The piston pump alters the pressure in the outer chamber housing the ventricle, causing it to expand/contract and thereby driving the blood flow within the LV. More details on the LV model design and flow circuit can be found elsewhere (Okafor et al., 2015) . A bileaflet mechanical heart valve (BMHV) was placed at the aortic annular plane. A D-shaped mitral annulus was used without valve leaflets to minimize valvular artifacts and resulting disturbances to the intraventricular flow field. A bi-leaflet mechanical heart valve was used upstream of the mitral annulus (closer to the atrial reservoir) to simply ensure unidirectionality of flow through the in vitro flow circuit. The geometric area of the mitral orifice was 3.0 cm 2 . The mean aortic pressure was set to 100 mm Hg at a cardiac output of 4.2 L/min. A solution of water-glycerin (36% by volume glycerin) was used to match the viscosity and density of blood (3.5 cP and 1.08 g/cm 3 , respectively). The E-wave maximum for the mitral inflow was set at ~15 L/min while the A-wave maximum was set at ~13 L/min (standard deviation of +/− 0.35 L/min). The E/A ratio, calculated as peak E-wave flow rate divided by peak Awave flow rate, was maintained constant in the range of 1.1-1.2 across all experiments in this study. A-wave was generated by retracting the programmable piston pump a second time, after a brief pause in the piston motion. The input voltage waveform for the programmable piston pump (PPP, Fig. 1b ) was adjusted across each HR case to obtain roughly equivalent mitral flow rate curves as shown in Fig. 2 .
Experimental Conditions
Three HRs were studied: 70, 100, and 120 bpm. The length of the diastolic period was calculated using the empirical relationship described by Cui and Roberson (2006) . Table 1 shows the characteristics for each HR condition tested in this study.
Particle Image Velocimetry (PIV) Setup
Phase locked 2D PIV was used to observe the instantaneous flow fields at 3 longitudinal planes in the LV: center plane, and 2 others d/2 to the left and right of the center plane, where d is the hydraulic diameter of the mitral orifice. Figure 1c shows the schematic of the PIV setup. The thickness of the laser sheet was roughly 1 mm. The resolution of the PIV camera was 1600 × 1200 pixels with the particle image size ranging between 2 -3 pixels. 200 image pairs were acquired at 25 -35 phases (depending on heart rate) during the diastolic period of the cardiac cycle. DaVis 7.2 software (LaVision GmbH, Göttingen, Germany) was used to perform dual-pass cross correlation with decreasing window size (64 × 64 to 32 × 32 pixels; 50% overlap each). A sliding background subtraction of a scale length of 5 pixels was used to preprocess the raw images. A median filter was implemented to erase noisy vectors; interpolation was then performed to fill up empty spaces.
Hemodynamic parameters
The following hemodynamic parameters were calculated from the experimental data obtained using flow probes and pressure transducers:
where: SV is the stroke volume (in mL/beat), EDV is the end diastolic volume (in mL), ESV is the end systolic volume (in mL), EF is the ejection fraction (in %), Wo is the Womersley number (non-dimensional ratio of pulsatility in flow to viscous effects), D is the mitral annulus diameter (in meters), f is the heart rate (in beats/s), and ν is the kinematic viscosity of the blood analog solution (in m 2 /s).
Vortex Formation Time (VFT)
VFT is a non-dimensional index that is commonly used to characterize vortex rings and has been used previously in clinical studies of diastolic filling (Gharib et al., 2006) . VFT was calculated based on the relationship proposed by Gharib et al. (2006) , as described below: (4) where: D is the mitral annulus diameter, EF is the ejection fraction, and V A is the portion of the stroke volume contributed by atrial systole.
Vorticity
At each measurement phase and for all HR, the two-dimensional out-of-plane component of the vorticity field was extracted from the velocity measurements. The vorticity field describes the tendency of the fluid to rotate and is mathematically defined as the curl of the velocity field. The out-of-plane vorticity of the flow field was calculated using the following equation: (5) 
Vortex Identification and Circulation
The circulation of the vortex proximal to the aorta was calculated based on the equation: 
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Author Manuscript (6) where: A is the area enclosed within the vortex. Identification of the vortex was performed using the swirling strength λ ci , which is the imaginary part of the complex eigenvalue of the velocity gradient tensor, ∇U. This criterion was used with a 4.2% threshold of the maximum value as proposed by Zhou et al. (1999) . This relationship can be approximated for a twodimensional flow field, as described below (see Adrian et al., 2000 , for more details): Table 1 shows the hemodynamic parameters calculated using equations (1)-(3). As the peak flow rates for the early filling phase (E-wave) and atrial systolic phase (A-wave) were maintained constant across HR for the study protocols, we observed a reduction in both SV and EF with increasing HR. This is not observed physiologically, and is due to the inability of the material used in our physical model to alter contractility under increasing HR conditions unlike myocardial tissue. EDV was approximately the same across all HR and ESV increased with increasing HR. We expected EDV. The Womersley number Wo increased with increasing HR, which was expected due to the frequency dependence. The VFT value for resting HR in our model was above the physiological range of 3.5-5.5 reported by Gharib et al. (2006) . This discrepancy was most likely due to the shape and wall stiffness of our LV physical model. The VFT value decreased with increasing HR, which was expected due to the reduction of EF with increasing HR, as well as increased contribution of atrial systolic volume to the SV (V A term in equation (4)) with increasing HR.
RESULTS
Hemodynamic parameters
Intraventricular vorticity patterns
The inflow vortex ring at peak E-wave is observed in the central PIV plane for all HR as a pair of counter-rotating, opposite signed vortices. The vortex ring propagation into the LV during E-wave deceleration at resting HR is similar to physiological observations in human LV by Stewart et al. (2012) . The shear flow generated by the mitral vortex ring in E-wave decreases with increasing HR, as observed in the longitudinal penetration in the x-direction ( Fig. 3(a) , (d), and (g)). The penetration of the shear flow toward the apex, engendered by the advecting vortex ring, is most pronounced for resting HR (Fig. 3(b) ). This is due to the large value of VFT noted previously (longer jet). The E-wave vortex ring propagation is delayed for increased HR cases in comparison ( Fig. 3(e) and (h)) due to the shorter time period available for early relaxation phase of filling. A secondary pair of counter-rotating vortices is observed close to the base of the LV model during peak A-wave for resting HR (Fig. 3(c) ). In contrast, the peak A-wave phase generates a stronger vortex-laden flow for increased HR (Figs. 3(f) and (i)). Interaction of primary and secondary vortices is seen during A-wave portion of filling for 100 bpm and 120 bpm (see Figs. 3(f) and (i) at x = 10-40 mm).
Circulation variation with HR
Circulation was evaluated using equation (6) to quantitatively compare intraventricular vortex formation and propagation. The results shown in Fig. 4 were obtained by tracking the vortex proximal to the septal wall of the LV. Overall, the peak value of circulation decreases with increasing HR (Fig. 4(a) ). Circulation was normalized for each HR using its local maximum value, and plotted as a function of normalized diastolic time t d * = t/T (Fig. 4(b) ). Note that t d * of roughly 0.5 corresponds to the onset of atrial systole in all HR cases (Fig.  2) . Normalized circulation diminishes with increasing filling time under resting HR ( Fig.  4(b) ). The 120 bpm case shows an opposite trend, with noticeable rise in circulation during the A-wave (t d * > 0.5). With increasing HR from 100 bpm to 120 bpm, circulation is intensified during A-wave. Maximum normalized circulation occurs later in time with increasing HR, with the 120 bpm case registering peak circulation at t d * = 0.9, compared to t d * = 0.3 for 70 bpm and t d * = 0.4 for 100 bpm.
DISCUSSION
The objective of the current study was to investigate the isolated effect of increasing HR on intraventricular filling flow patterns. Several previous studies conducted in vivo have reported a physiological reduction in E/A with increasing HR in healthy subjects (Iliceto et al., 1991; Swinne et al., 1992; Yamamoto et al., 1993) . Increasing HR has been correlated to increased atrial systolic velocity (Channer and Jones, 1989; Harrison et al., 1991; Mitchell et al., 1965; Ruskin et al., 1970) . However, the functional implication of the elevated role of atrial systole during LV filling under increasing HR is unclear. We hypothesized that with increasing HR under constant E/A ratio, the E-wave contribution to intraventricular filling flow propagation is diminished. Our results indicate that the limited diastolic time available with increasing HR results in diminished circulation of the E-wave filling vortex compared to resting condition. The A-wave portion of the inflow serves to compensate filling through secondary vortex generation, introducing an influx of additional momentum into the LV. The time point in diastole where peak circulation occurs is delayed with increasing HR due to the reduction in filling duration for increased HR.
Our results are supported by measurements of intraventricular flows in healthy humans at resting conditions (Eriksson et al., 2011) where atrial systolic contribution to inflow augmented end-diastolic kinetic energy. The increased circulation during atrial systole could aid in pulling more fluid from the atrium, thereby augmenting the momentum influx as HR increases. Our study shows that the A-wave portion does not impact resting HR as drastically. This is due to the enhanced propagation of shear flow into the LV during E-wave ( Fig. 4(a) ), resulting in the bulk of intraventricular filling already occurring prior to onset of A-wave. This has also been observed clinically as mitral valve closure following the E-wave due to decreased transmitral bulk flow.
The findings of our study provides a baseline physiological understanding that could be used in future studies to understand the functional implications of physiologically observed enhancement in atrial systolic contribution and reduced E/A ratio with increasing HR. From a clinical standpoint, our observations could potentially encourage using stress testing and progressive non-invasive monitoring of filling flow patterns in patients that are clinically asymptomatic candidates for HFNEF.
Limitations
Though clinical studies examining exercise hemodynamics with increasing HR show a reduction in E/A ratio, the E-and A-wave portions and peak velocities were maintained nearly constant across all HR tested in this study. This simplification was performed to ensure that the inertial force imparted to the LV flow field by the pulsatile mitral inflow was constant across all HRs (Reynolds number matching across HR). Physiological reduction in E/A with increasing HR, due to increased A-wave peak velocity, will amplify our findings specific to the role of A-wave. Future studies that explore the amplified effect of reduced E/A and increased A-wave peak velocity will aid in furthering our understanding of exercise-induced alterations to intraventricular filling fluid dynamics. Overlapping E-and A-waves were not included in our filling flow profiles at increased HR to demarcate contributions of E-and A-waves to the intraventricular flow. Although pulse pressure increases with exercise (Heidorn, 1958) , we maintained a pulse pressure of 40 mm Hg across all HR to ensure that altering afterload did not noticeably alter diastolic LV wall motion.
We used an open mitral valve orifice in the mitral annulus for this study to not include potential changes in leaflet fluttering under increasing HR. A previous study examining LV fluid mechanics under varying mitral valve design (Pierrakos and Vlachos, 2006) observed that the filling vortex circulation was altered due to fluttering of leaflets. While the absence of mitral valve leaflets is non-physiological, it allowed us to examine the changes to the filling vortex circulation with increasing HR independent of valve design. Future studies examining mitral valve leaflet fluttering behavior with increasing HR, as well as a larger range of HR than what was investigated in this study, are needed for enabling clinical translation of our study results. (b) Normalized CS with respect to local maximum value. The occurrence of the first peak in CS is shifted further in time with increasing HR. Experimental conditions investigated in the study, including HR (in bpm), time period T of the cardiac cycle (in ms), E/A ratio, and diastolic portion of the total cycle (in %). The systemic pressures for all three conditions were identically tuned to 120/80 mm Hg. Wo = Womersley number; SV = stroke volume; EDV = end diastolic volume; ESV = end systolic volume; EF = ejection fraction; VFT = vortex formation time 
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